. Female convict cichlids adjust gonadal investment in current reproduction in response to relative risk of brood predation. Can. J. Zool. 71: 252 -256. Parental care theory predicts that investment in current reproduction should be increased when the prospects of success in current reproductive effort are relatively high, and reduced when they are poor relative to expected success from future reproductive effort. A number of studies have shown that levels of postspawning parental investment (brood defence, parents' willingness to risk predation) increase when the brood is augmented. However, few studies have shown a change in prespawning (gonadal) investment in response to indirect indicators of reproductive success, such as nest site quality. Convict cichlids (Cichlasoma nigrofasciatum) are small freshwater fish that have biparental care of their young. Pairs of convict cichlids were required to spawn in either "risky" or "secure" spawning caves in the presence of potential egg predators. As predicted by parental care theory, females laid significantly more eggs in secure spawning caves than in risky spawning caves. The ability of this iteroparous fish to adjust gonadal investment in this manner would serve to optimize the use of its resources under varying environmental conditions and ultimately allow it to realize maximize lifetime reproductive success.
Introduction
Parental care theory is based on the fundamental notion that investment in current reproduction is done at a cost to future reproduction (Williams 1966) . This trade-off was recognized and applied to parental investment theory by Trivers (1972) and has stimulated research in a wide range of taxa (for reviews see Bell and Koufopanou 1986; Partridge and Harvey 1988) .
The ultimate evolutionary objective of reproducing organisms is to maximize lifetime reproductive success by investing appropriate amounts of finite resources in growth, maintenance, and reproduction (Partridge and Harvey 1988) . Therefore, a trade-off in parental investment between current and future reproduction should cause parents to decrease investment in their current brood when the survival prospects of the current brood are poor relative to expected future reproductive success. Conversely, parents should invest more when their current brood shows relatively good prospects of contributing to the parents' lifetime reproductive success relative to the prospects of success from future reproductive effort.
In fishes, theoretical models have been developed and diversified to predict how parental investment in current reproduction should be expected to change under various conditions (Maynard Smith 1977; Perrone and Zaret 1979; Baylis 1981 ; Gross and Shine 1981 ; Carlisle 1982; Gross and Sargent 1985; Sargent and Gross 1986; Lazarus 1990 ). Predictions from these models have been tested in a number of fish species including the stickleback, Gasterosteus aculeatus (Pressley 198 I) , the Panamanian cic hlid Aequidens coeruleopunctatus (Carlisle 1985) , the sunfish Lepomis macrochirus (Coleman et al. 1985) , the minnow Pimephales promelas (Sargent 1988) , the bass Micropterus dolomieui (Ridgway 1989) , and the convict cichlid, Cichlasoma nigrofasciatum (Lavery and Keenleyside 1991) . Each of these studies measured a behavioural response (defence of or commitment to the brood) by the parent(s) to the number or age of offspring.
Increased levels of brood defence have been observed in birds in response to brood age in great tits, Parus major (Regelmann and Curio 1983) , and to brood size in red-winged blackbirds, Agelaius phoeniceus (Robertson and Biermann 1979) . Experimental reduction of the size of the entrance to the nest cavities of great tits resulted in significantly larger clutches and numbers of fledged young than in control nest cavities (van Balen et al. 1978) . Onnebrink and Curio (1991) noted that enlarging nest cavity entrances reduced clutch survival by allowing egg predators easier access to the nest. Onnebrink and Curio proposed that the differences in clutch size observed by van Balen et al. (1978) could have resulted from parent great tits investing more resources in safer offspring than in more vulnerable offspring.
This conclusion increases the range of application of parental investment theory. Previous studies have tested parental responses to changes in brood size only after the eggs have been laid. Variation in gametic investment in response to different nest site qualities indicates that the parent is assessing the risk of investment and has a mechanism to behaviourally mediate the physiological allocation of resources to egg production.
The convict cichlid is a small freshwater fish native to Central America, ranging from Guatemala to Panama (Bussing 1987) . Convict cichlids are substrate brooders that lay their eggs inside small caves excavated under large stones. They have biparental care of the eggs, wrigglers (larvae), and free-swimming young, which they guard from brood predators for 3 -4 weeks (manuscript in preparation). In their natural habitat, predation is intense on broods at all stages of development. Twenty-eight percent of all broods (n = 267) in Costa Rican streams failed before the eggs had developed into free-swimming young (manuscript in prep.). Thus, the quality or security of the spawning site (the relative effectiveness with which it can be defended from egg predators) should be an important consideration for breeding convict cichlids.
The purpose of this experiment was to see if convict cichlids alter the number of eggs in a clutch (gonadal investment) according to whether the spawning site is relatively "risky" (vulnerable to egg predators) or "secure." This dichotomy was based on nest entrance size, and was based in approach on the research on great tits (van Balen et al. 1978) . The prediction was that convict cichlids should lay more eggs in secure spawning sites because the prospects of brood failure are low relative to expected future reproductive success.
Materials and methods
section, half a clay flower pot was placed on its side to form a spawning cave. A plastic plant was added to provide some shelter. In the smaller section, no shelter or plastic plants were added. Water temperature was maintained at 27 -29°C with aquarium heaters and the photoperiod was 12 h light and 12 h dark. All tanks were visually separated from each other.
Experimental procedure
Three juvenile convict cichlids (mean standard length (SL) = 33.25 f 0.51 mm) were added to the small section of each test aquarium to pose a threat of brood predation. In the large section of each tank an adult female was added, followed a day later by an adult male. Adding the female first facilitated pair formation. Each pair of adult convicts was fed 10 commercial cichlid pellets (Tropic Aquaria Ltd., Brampton, Ont.) twice per day and juvenile convicts were fed FryFeedKyowa 700 (Sumitomo Canada Ltd., Toronto). Within 24 h of spawning, the half flower pot was removed and the number of eggs counted. The purpose of requiring each pair to spawn once before the experimental treatment commenced was to standardize ovary maturity. For the second spawning attempt, each pair was given an experimental spawning cave. This was a whole flower pot, 11 cm in diameter at the rim and 9.5 cm deep. Two types of experimental caves were used. The "secure" type had a single triangular entrance (4 x 4 x 4 cm) cut into the rim of the pot. The "risky" type had two large entrances, each measuring 5.6 x 5.6 x 5.6 cm. Experimental pots were placed upside down so that each triangular notch in the pot rim formed an entrance at the base of the cave. The entrance area of the secure spawning caves was 8 cm2. The total entrance area for risky spawning caves was 32 cm2. The remaining surface area available for egg deposition was not limiting for either type of spawning cave. The area covered by the largest clutch in the secure spawning pots was less than half the surface area of the risky spawning cave. A 14 x 18 cm piece of rigid plastic was placed on the gravel substrate beneath each experimental spawning cave to prevent the convict cichlid pairs Experimental animals from digging in thegravel and altering the entrance size. secure and The convict cichlids used in this experiment were taken from the risky caves were assigned alternately to each pair after the first University of Western Ontario laboratory stock, consisting of descenspawning. Ten trials were conducted with secure caves and 9 trials dants of wild fish caught in Costa Rica in 1984 Rica in , 1989 Rica in , and 1991 , and with risky caves. back-crossed with fish purchased from local aquarium dealers. All
Within 24 inside the experimental cave, the experimental fish were reproductively naive and had never raised Pot removed and the number of eggs counted. Each parent was a brood.
weighed and measured. Females were killed with an overdose of the anaesthetic tricaine methanesulfonate (MS 222) and their ovaries Tank set-up removed. Each pair of ovaries was weighed and the number of mature Twelve 90-L aquaria (75 x 40 x 30 cm high) were set up with eggs that had not been released at spawning was recorded. The diameter aged tap water and a 5-cm layer of gravel covering two filter plates.
of 25 immature ova from each female was also measured. The stomach A transparent partition was placed 60 cm along the length of the tank, contents of females in the final eight trials (three small-entrance and dividing each aquarium into two sections. In the centre of the larger five large-entrance treatments) were examined for the presence of eggs.
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For personal use only. Results There was no difference in the number of eggs laid on the first spawning by each experimental group (Table 1, Fig. 1 A) . However, on the second spawning, convict pairs laid significantly more eggs in the experimental caves with one small entrance than in the caves with two large entrances (Table 1, Fig. 1B) . Numbers of eggs differed between the first and second spawnings in the secure caves (t = 3.24, p = 0.012) but not in the risky caves (t = 0.60, p = 0.564) (Fig. 2) .
Female SL (mm)
Mean SL and mass of females were significantly different between the two randomly assigned experimental groups (Table 1) . Fecundity generally increases with size of females (Townshend and Wootton 1984) , which at first may appear to confound the effect of entrance size on egg number. However, within the 10 females spawning in the caves with one small entrance, there was no relationship between the number of eggs in the second spawn and female SL (r2 = 0.001, p = 0.944) (Fig. 1 B, Table 2 ). Furthermore, when the five females larger than 55 mm SL (in the small-entrance experimental group) were removed from the analysis, the difference in SL of females between groups was no longer significant (t = 1.89, p = 0.084), but the numbers of eggs in the second spawn remained significantly different between the experimental groups (t = 3.47, p = 0.005). Size of males had no influence on egg number in the first spawn or in either type of cave for the second spawn (Table 2) . The interspawning interval between the first and second spawnings did not differ between experimental groups (Table 1) . Therefore, the riskiness of the spawning cave did not influence a pair's willingness to respawn, or give one group more time to acquire nutrients to develop eggs. Although ovary weights after the second spawning tended to be higher in females spawning in secure sites than in those spawning in risky sites (Table l) , this pattern was the result of the larger size of females in the secure group. When females larger than 55 mm SL were excluded from this analysis, the mean ovary weights for the two groups were 0.112 f 0.030 and 0.090 + 0.007 (SE) g for the secure-and risky-site experimental groups, Can. J. Zool. Downloaded from www.nrcresearchpress.com by UNIVERSITY OF MINNESOTA LIBRARIES on 01/13/13
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respectively (t = 0.74, p = 0.497). The mean diameter of immature ova was not significantly different between the two experimental groups, nor was there any difference in the number of mature ova left in the ovaries (Table 1) . Thus, there was no difference in ovary maturity between the two groups, and neither group of females appeared to refrain from laying ova once the ova were mature.
The stomach contents of eight females were examined. Of the three females from the group using the secure spawning cave, one had four eggs in its stomach and the other two contained no eggs. Of the stomachs from the five females from the group using the risky spawning cave, one contained two eggs and the other four contained none. Neither group of females habitually consumed their own eggs. Thus, the smaller number of eggs in the risky spawning caves was not due to females either withholding mature ova in their ovaries or laying a full clutch of eggs, then eating some of them.
Discussion
Previous studies on parental investment have emphasized how parents can facultatively adjust levels of brood defence in response to changes in brood size (Robertson and Bierman 1979; Carlisle 1985) . Changes in brood size represent concrete evidence of the reproductive success of the current brood. When brood size is increased, the current brood is likely to contribute significantly to the lifetime reproductive success of the parent, thus parental investment increases. When brood size is reduced, the potential reproductive success from the current brood is small relative to future reproductive success, and thus parental investment in the current brood decreases.
In this experiment, convict cichlids used nest site quality to indirectly estimate the potential contribution of the next brood to lifetime reproductive success. For 12 -1 3 days before pairs of convict cichlids spawned in the presence of potential brood predators (Table l) , they had the opportunity to assess the appropriate amount of resources to invest in their next brood, based on the riskiness of the spawning cave. They laid significantly fewer eggs in risky spawning caves than in secure spawning caves. Thus, gonadal investment by female convict cichlids was greater when the chances of success were relatively good. When there was a greater risk of brood failure, females invested less in current reproduction. This would allow females spawning in risky spawning caves to conserve their resources in order to make them available for future spawning attempts if the first one fails, or when spawning conditions (quality of the spawning cave) are more ideal. The prospects of brood failure were reinforced by the prompt removal of the first spawn, which might have caused females to be more sensitive to spawning cave quality. Lavery (1991) demonstrated that when spawning, convict cichlids preferred caves with a single entrance over caves with multiple entrances, and dark rather than well-lit caves. Those results are consistent with the results of this experiment, supporting the hypothesis that convict cichlids should choose a secure site to deposit their eggs as an antipredator measure. The proximate cues used by convict cichlid pairs in this study cannot be determined. Spawning caves with large entrances are more accessible to egg predators, but also allow more light to enter the cave. However, regardless of the proximate mechanism, female convict cichlids were able to adjust ovary maturation in response to two perceived levels of nest site quality. Ultimately, this adjustment in parental investment would serve to modify their reproductive effort in ways that maximize lifetime reproductive success.
The implications of this experiment are that iteroparous organisms are capable of modifying their reproductive output to optimize the use of their resources. When conditions are unfavourable, gametic investment can be withheld. Resources thus conserved would then be available for investment in future breeding attempts when conditions are more ideal. To facilitate universality, this phenomenon should be tested in a wide range of taxa.
